Abstract: Winter flounder (Pseudopleuronectes americanus) is a dominant commercial fish in Narragansett Bay, Rhode Island, and yet factors controlling its recruitment remain unclear. An experiment was conducted with six 13-m 3 landbased mesocosms (5 m deep) from February to April 1997 to address the impact of increased temperature (+3°C) on growth, survival, and trophic dynamics of winter flounder larvae. Objectives were to determine if warmer winter temperatures result in lower survival of winter flounder as a result of increased predator activity or if temperature-induced alterations in the food web result in greater food availability, perhaps leading to increased survival. Analyses of variance revealed significant (P < 0.05) or near-significant (P < 0.10) differences in phytoplankton and zooplankton abundance and biomass between warm and cool mesocosms. Winter flounder egg survival, percent hatch, time to hatch, and initial size were significantly greater in cool systems (P < 0.05). Mortality rates were lower in cool systems and significantly related to the abundance of active predators (P < 0.05). The cumulative impact of decreased survival of eggs and larvae in warm systems may partially explain the decline of winter flounder in Narragansett Bay, which has experienced elevated winter water temperatures in recent years.
Introduction
Determining the causes of fluctuations in recruitment success of marine fishes remains a critical problem in fisheries biology. Evidence suggests that much of the variation in year-class strength is related to mortality of early life history stages (Houde 1987) . The principal forces controlling recruitment success in larval fish are variations in food availability, particularly during the onset of first feeding, predation by other organisms, and oceanographic conditions (Cowan and Houde 1990 ). The situation is further complicated by the potential interaction between any and all of these factors. Carbon dioxide production by our global industrial society has altered the earth's climate, with increased warming occurring in most regions of the Northern Hemisphere over the past century (Schuurmans 1995) . In Narragansett Bay, Rhode Island, winter water temperatures significantly increased from 1959 to1994 (Oviatt 1994) . In a prior study, we determined that elevated winter temperature impacts the magnitude and fate of the winter-spring diatom bloom and thus may influence food availability to higher trophic levels (Keller et al. 1999a ). Here, we extend our prior analysis to examine impacts on ichthyoplankton during a postbloom period. In addition to alteration in food availability, elevated water temperatures may lead to increased metabolic activity of potential predators followed by increased predation rates. This may be particularly important, since previous research examining the impact of nutrient enrichment on larval winter flounder (Pseudopleuronectes americanus) suggested a link between predation and survival (Klein-MacPhee et al. 1993) . Here, we examine if elevated winter water temperature, due to global climate change, influences interactions between food availability and predation and leads to variation in survival of ichthyoplankton.
The life history and ecological niche of winter flounder are unique among the demersal fishes inhabiting east coast waters (Jeffries et al. 1989) . Spawning generally occurs in shallow estuaries in winter and early spring at cold temperatures ranging from 1 to 10°C, with peak spawning at about 2-5°C (Pearcy 1962) . The eggs are adhesive and demersal, with incubation lasting 5-31 days (Rogers 1976) . Following hatching, the pelagic larvae are about 3 mm long but increase in size to about 7-9 mm over a 6-to 8-week period, at which time metamorphosis occurs (Laurence et al. 1979 ). Spawning at low temperatures appears to be a mechanism to "escape in time" from warm-water predators (Jeffries et al. 1989) . Winter flounder success may thus be particularly sensitive to variation in temperature of the magnitude already observed in Narragansett Bay.
Historically, winter flounder has been the most abundant demersal fish in Rhode Island, contributing the bulk of the commercial and recreational bottom fishery (>2 × 10 6 kg) in Narragansett Bay (Jeffries and Johnson 1974; Gibson 1998) . Populations have tended to be somewhat cyclical throughout historical assessments, with adults known to fluctuate sevenfold within a decade (Jeffries and Terceiro 1985) . Concerns are currently being expressed, since the population has dropped precipitously since 1979 and has remained low for the past 14 years (Gibson 1998) . Inverse relationships between winter temperature and recruitment have been noted for winter flounder (Jeffries and Johnson 1974; Jeffries and Terceiro 1985; Northeast Utilities 1999) . Jeffries and Terceiro (1985) have implicated climate warming and predator control as factors governing recruitment.
We hypothesized that warmer winter temperatures could result in elevated mortality of flounder larvae due to higher metabolic rate and increased activity of predators. In this paper, we test the hypothesized direct link between warmer temperatures and the growth and survival of winter flounder larvae and examine the relationship between temperature and the trophic components leading to larval fish. We describe the impact of increasing water temperature by 3°C relative to control systems. Control systems were maintained at a temperature 2°C less than the long-term (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) average for the parent system, Narragansett Bay. The study was conducted in six enclosed mesocosms of the Marine Ecosystem Research Laboratory (MERL) over a diatomdominated post-winter-spring bloom period. We examined the effects of altered temperature on food availability (photosynthetic algae and zooplankton), abundance of active predators, and the growth and survival of winter flounder larvae.
Materials and methods
The MERL mesocosms used for the experiment are 13-m 3 cylindrical enclosures with a 5-m water column scaled to the natural system, Narragansett Bay, in terms of physical, chemical, and biological characteristics. For this experiment, the six mesocosms were established as well-mixed systems with no exchange of seawater with Narragansett Bay after the start of the experiment. To induce natural levels of turbulence, mixing was applied via horizontal paddles located at 1-m depth intervals rotating with a rate of 4 rpm. The mixing schedule consisted of 2 h of mixing followed by 4 h of nonmixing, a scheme designed to simulate the semidiurnal tidal currents in the Bay. Each mesocosm contained a 37-cm-deep sediment tray that was filled with lower Narragansett Bay sediment containing an intact (unmixed) benthic community. Sediments were collected with a 0.25-m 2 USNEL box core and remained undisturbed for 12 months prior to the start of the experiment. No attempt was made to manipulate the abundance of benthic organisms, which was intended to represent the range of natural variation seen at the sediment collection site. Previous studies have established that the mesocosms mimic the biological and chemical characteristics of the natural systems, including pelagic and benthic species composition, primary productivity, pelagic and benthic respiration, and nutrient concentrations and fluxes (see Sullivan and McManus 1986 and references therein) .
The experimental design consisted of two treatments using six outdoor mesocosms with three warm systems targeted for a temperature increase of +3°C relative to controls (also referred to below as cool). A time series based on the average monthly temperature in lower Narragansett Bay from 1977 through 1989 was used to set the temperature differential between warm and cool treatments (Fig. 1) . Warm systems were heated 1°C relative to the long-term (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) Bay average, while controls were cooled 2°C below the average. Warm systems simulated the potential increase in winter water temperature expected to occur in the future, while cool systems represented typical winter temperature values experienced in the past (or current cold winters). Temperatures were controlled using polypropylene immersion type heat exchangers hung 2 m below the surface in each mesocosm. Triplicate treatments were established with natural plankton communities by filling the mesocosms with water from the adjacent Narragansett Bay. The experiment commenced on 5 February and ended on 4 April 1997.
Because winter flounder spawning tends to occur in the upper nutrient-enriched regions of Narragansett Bay, inorganic nutrients (NH 4 Cl, KH 2 PO 4 , and Na 2 SiO 3 ) were added daily to the six mesocosms. An N:P:Si molar ratio of 12.80:1.00:0.91 was used to mimic the ratio of nutrients in sewage effluents discharged into the Providence River (Oviatt et al. 1986 ). The loading level for nitrogen (2.31 mmol·m -3 ·day -1 ), phosphate (0.18 mmol·m -3 ·day -1 ), and silicate (0.165 mmol·m -3 ·day -1 ) was four times the average annual loading (on an areal basis) to Narragansett Bay. The four times loading is within the range (two to eight times) occurring in the upper regions of the Bay where winter flounder larvae are most abundant (Oviatt et al. 1986; Keller et al. 1999b) .
Temperature, chlorophyll a (Chl a), phytoplankton abundance, zooplankton abundance, and ichthyoplankton characteristics were measured in each of the six mesocosms. Water temperature (degrees Celsius) 10 cm below the surface was recorded daily. Replicate Chl a (micrograms per litre) was measured weekly from 10-mL aliquots of water subsampled from amber polyethylene bottles containing 2 L of water collected 1 m below the surface in each mesocosm during the morning mixing cycle. Samples were filtered through 25-mm Whatman GF/F glassfiber filters at 125-mmHg maximal vacuum. Two drops of 1% magnesium carbonate were added to each sample prior to filtration. Samples were extracted overnight in the freezer using 90% acetone and analyzed within 24 h on a Turner Designs model 10 field fluorometer (Lorenzen 1966) .
Phytoplankton abundance (cells per millilitre) was measured weekly in each mesocosm from the amber bottles using standard techniques (Sournia 1978) . Samples were preserved in Lugol's iodine solution and counted on an inverted microscope. Depending on phytoplankton density, either concentrated (10:1) or un-concentrated samples were counted by pipetting a 2-mL subsample into a 5-mL settling chamber and adding 3 mL of artificial seawater. Samples were settled for 20 h and a known area of the chamber counted (one to two diameters, half chamber, whole chamber) until at least 1000 cells were counted.
Zooplankton samples were collected weekly by pumping 50-100 L of water at a constant rate from each of five depth intervals (0.1, 0.5, 1.0, 2.5, and 4.5 m). Pumped samples were integrated over each depth interval (e.g., 1.0 m represents 0.5-1 m) by raising the sample hose at a constant rate. Zooplankton larger than 44 µm were filtered from the water samples, preserved in 10% formalin, staged, identified, and enumerated. Zooplankton were identified to species or genus level for adult and copepodite stages and to order or class for nauplii or other invertebrate larvae.
Winter flounder eggs and larvae were obtained from broodstock collected in Narragansett Bay primarily by otter trawl in early December 1996. Adult fish were sorted by sex and maintained in separate outdoor tanks supplied with running seawater at ambient temperature and salinity until ripe. Fertilized eggs were obtained by mechanically stripping two ripe females and three ripe males using the methods of Klein-MacPhee et al. (1982) . Approximately equal numbers of newly spawned eggs (~5000) were placed in replicate egg baskets suspended at 1 m depth in each mesocosm at the start of the experiment (5 February) at temperatures of 3.9-4.0°C. Temperatures were gradually raised in the warm treatments and lowered in the cool treatments to achieve the desired 3°C temperature differential within the first week of the experiment. The cylindrical egg baskets (500 mL volume, 10 cm in diameter) were constructed of plastic with mesh (250 µm) caps and bottoms. Baskets were designed to allow incubation with good water circulation at experimental temperatures. Eggs were suspended at 1 m depth, since winter flounder eggs are demersal and occur naturally at this depth (Crawford 1990) . Egg density in the baskets was set by estimating the total number of eggs required for weekly sampling (prior to hatching) plus the number of larvae needed to stock the mesocosms (after accounting for egg mortality). Egg density has not been estimated in the field, but winter flounder produce approximately 500 000 demersal eggs at spawning. Weekly subsamples of about 200 eggs were removed via pipetting (5 February -7 March) from each egg basket and examined microscopically to determine the number of live versus dead eggs. Percent egg mortality was calculated directly from the ratio of dead to total eggs counted.
To determine percent hatch, a subsample of 100 eggs was counted and placed in replicate 4-L plastic containers with a 150-µm-mesh bottom in each mesocosm on 5 February. Eggs in these containers were incubated at depths of 0.2 m, which is shallower than the norm but allowed a rapid visually determination of when hatching occurred. Upon hatching, contents of each container were retrieved and the number of larvae counted. Percent hatch for each mesocosm was determined directly as the ratio of live larvae to eggs incubated.
After hatching, the egg baskets in each mesocosm were retrieved and newly hatched larvae were used to stock the system in which they were suspended. Larvae from replicate egg baskets were counted as they were gently poured into 4-L polycarbonate containers, combined in a 1:1 ratio, and released into the mesocosm in which they hatched. A total of 2000 larvae were added to each mesocosm. Stocking density for each mesocosm was~150 larvae·m -3 , at the upper range of densities (100-150·m -3 ) for winter flounder larvae occurring naturally (Pearcy 1962) . Because winter flounder are currently at low population levels, stocking density was based on older larval density data, which are more in line with the carrying capacity of the system. Additionally, density of newly hatched larvae in the field is rarely reported since these small larvae tend to be undersampled using standard-mesh (505 µm) ichthyoplankton nets (Northeast Utilities 1999). A subsample of 30 larvae from each mesocosm was measured at hatching. Initial lengths (standard length, millimetres) were obtained by anesthetizing larvae with tricane methanesulfonate (MS 222) (to prevent curling) and measuring them alive under a dissecting microscope.
Fish larvae were collected weekly in two replicate samples using a 0.5-m-diameter, 202-µm-mesh plankton net equipped with a TSK flowmeter. Replicate tows were made with the mixers off by lowering the net to the bottom of the mesocosm and pulling it steadily to the surface. Flowmeter readings were recorded before and after each tow. Water and organisms were briefly stored in a cold room in 4-L plastic containers until the larval fish could be removed, anesthetized as above, and measured alive. The number of larvae caught per tow was used to estimate larval abundance in the mesocosm over the course of the experiment.
When the experiment was terminated, a circular (1.75-mdiameter) 333-µm-mesh net was lowered to the bottom of each mesocosm. The water column in each mesocosms was then drained through a 202-µm-mesh plankton net via a valve located 0.5 m from the bottom. Any larvae remaining in the mesocosm after draining were collected by raising the circular net through the 0.5 m of water still in the mesocosm. The total number of larvae surviving at the end of the experiment in each mesocosm was obtained directly by counting the larvae collected in both the overflow net and the bottom net. The total count of larvae obtained when the mesocosm was completely drained at the end of the experiment was then compared with the final net tow estimate (just prior to draining) to determine capture efficiency. Data were not corrected where the capture efficiency were low because capture efficiency varies with age (Klein-MacPhee et al. 1993) .
Larval daily instantaneous growth rates (assuming exponential growth) were calculated via regression using the equation
(1) G = (log e SL t -log e SL 0 )/t with G the daily growth rate, SL t the larval standard length (millimetres) at time t, SL 0 the larval standard length at t = 0, and t the time interval (days).
Average daily instantaneous mortality rates were calculated as (2) Z = (log e N 0 -log e N t )/t with Z the mortality coefficient (per day), N t the number of winter flounder surviving at time t, N 0 the number stocked at the beginning of the study (time t = 0), and t the time (days). Following Laurence (1974) , N t was corrected for potential survivors removed by sampling using the formula
with R the number of individuals removed each week by sampling, w the number of weeks of sampling, 7 the number of days in 1 week (adjusted if sample intervals were unequal), and Z the average daily instantaneous mortality coefficient. The initial Z value in eq. 3 is the maximum mortality rate from eq. 2 based on no survivors from samples taken and was used to calculate iteratively N t ′ . The N t ′ was then substituted for N t in eq. 2 to calculate an unbiased estimate of Z. On 21 March 1997, the egg basket in a cool system (tank 5) was spilled, releasing an unknown number of eggs and larvae into the mesocosm. Yolk-sac larvae were collected on sampling. No yolksac larvae were observed on the date prior to the spill. Growth and mortality rates for this system were calculated from data collected up to the time of the spill.
The abundance of benthic predators was censused by diver survey prior to the start and near the end of the study. Numbers were confirmed following draining of the mesocosms when the experiment was terminated. Pelagic predators were determined from the net samples (ring net and overflow net) collected when the entire system was drained at the completion of the study.
We statistically assessed the effect of elevated temperature on variables measured over time throughout the entire experimental period. We used a nested analysis of variance (ANOVA), which is equivalent to a repeated-measures analysis (Winer 1971) . For this design, replicate mesocosms were nested within treatments and considered random. In testing for main effects (treatments controlled as part of experimental design), sample date was considered a repeated factor and the degrees of freedom of error terms were not artificially inflated by frequent sampling. In those cases where there was a significant time-by-treatment interaction, we used a nested ANOVA on each sample date where replicate mesocosms were again considered random. Abundance data were transformed (ln(x + 1)) to reduce heterogeneity of variance prior to statistical analysis, and t tests were used to determine significant differences between larval winter flounder growth and mortality rates between treatments.
Results
Water temperature in Narragansett Bay during the winter flounder larval period (February-April) has increased significantly (P < 0.05) over the past 40 years (+0.053°C·year -1 ) (Fig. 2 ). For the current experiment, water temperature in the warm treatments ranged from a low of 2.9°C in February to a high of 8.3°C in late March, with an average of 5.11°C (±0.14 SE) over the experimental period (Fig. 1) . The cool systems increased from -0.1 to 3.7°C over the same period, with a mean temperature of 1.86°C (±0.13 SE). Since temperature did not vary significantly within treatments (P > 0.05), daily means are shown by treatment (Fig. 1) . These values are plotted relative to the weekly model temperatures: warm (+1°C), mean, and cool (-2°C). The actual temperature difference between treatments was 3.25°C, close to the targeted differential of 3°C. Water temperature in Narragansett Bay over the same period (Fig. 1) was warm relative to longterm data, with an average temperature of 4.4°C, but on average 0.7°C cooler than the warm treatments.
Both phytoplankton abundance (~10 000 cells·mL -1 ) and biomass as Chl a (~15 µg·L -1 ) were relatively high at the start of the experiment, suggesting a minor bloom in the Bay at the time of the fill (Fig. 3) . Abundance (Fig. 3A) and biomass (Fig. 3B ) increased gradually in both treatments over the first 3 weeks of the experiment, with both measurements being somewhat higher in cool mesocosms. From late February through late March, total cell counts were generally higher in the warm treatments (ANOVA, F = 1.9, P < 0.09, near significance), while biomass was significantly greater in these systems (ANOVA, F = 4.5, P < 0.001) ( Table 1) . At the end of the experimental period, abundance and biomass were significantly greater in the cool tanks.
In general, Detonula confervacea was the dominant diatom in both warm (Fig. 3C) and cool (Fig. 3D ) systems during the initial bloom period and was not significantly different between treatments (Table 1) . Following the initial 3-week period, the species composition between treatments began to diverge. The warm systems (Fig. 3C) were characterized by a significant increase in Thalassiosira spp. that did not occur in the cool systems (Fig. 3D) . Skeletonema costatum and Chaetoceros spp. were the dominant species present in the cool systems during this period (Fig. 3D) . Skeletonema and Chaetoceros spp. continued to dominate the cool systems during the final weeks of the study. While Skeletonema was present in warm systems during these last few weeks, the phytoplankton population was primarily composed of flagellates, dinoflagellates, and Thalassiosira spp. Flagellates increased in abundance in both treatments towards the end of the study (Figs. 3C and 3D ). Significant (P < 0.05) and near-significant (P < 0.10) treatment effects were noted for biomass as Chl a, total phytoplankton abundance, and abundance of S. costatum, Chaetoceros spp., and Thalassiosira spp. over the experimental period (Table 1) . Phytoplankton biomass and cell counts were elevated in the warm treatment relative to the cool until the final week of the study. Skeletonema and Chaetoceros spp. were more abundant in cool systems, while Thalassiosira spp. were more abundant in warm systems. The levels of dinoflagellates and flagellates were not significantly different throughout the experimental period but exhibited significant time-by-treatment interactions (Table 1) . ANOVA by sample date indicated significantly more dinoflagellates and flagellates in warm systems from late February Note: Abundance data were natural logarithmically transformed prior to analysis (n = 52). ns, not significant. Table 1 . Results of nested ANOVAs (equivalent to repeated measures analyses) showing main effects and time-by-treatment interactions of experimental manipulations (warm versus cool mesocosms) on phytoplankton and zooplankton.
through March. The levels of D. confervacea were not significantly different between treatments throughout the study (Table 1) .
Mean abundance (±SE) of copepods (by stage) for the triplicate control and treatment mesocosms over the experimental period is displayed in Fig. 4 . Mean abundance of nauplii (<5000·m -3 ) at the start of the experiment was low, reflecting the abundance of nauplii in Narragansett Bay at the time of the fill, but increased substantially in warm systems (~23 000·m -3 ) relative to controls (~10 000·m -3 ) during February. From 3 March 1997 through the remainder of the experiment, the abundance of copepod nauplii was similar in both treatments. At the start of the experiment, the abundance of copepodites and adult copepods was also low in all mesocosms (<150·m -3 ). Copepodite numbers increased somewhat earlier (5 March) and to a greater extent in the warm systems relative to cool systems (Fig. 4) . A similar pattern was observed for adult copepods. In the warm systems, abundance of adults increased markedly from 11 March through the end of the study. In the cool systems, very slight increases were observed from 11 March to 3 April 1997.
Copepod nauplii, copepodites, adult copepods, and total zooplankton levels were significantly (ANOVA, P < 0.05) or close to significantly (ANOVA, P < 0.10) greater in the warm versus the cool treatments over the experimental period (Table 1 ). When differences were not significant over the entire period, there were significant time-by-treatment interactions that, when examined by sample date, indicated significant differences in copepod nauplii and total zooplankton during the initial experimental period (12-25 February 1997). Abundance of copepodites varied significantly between treatments from 25 February -24 March, while adult values were significantly greater in warm systems from 17 March to the end of the study (Table 1) . The copepod community (adults and copepodites) was dominated (58-84%) by Acartia hudsonica in all systems. Both A. hudsonica and Centropages hamatus were significantly more abundant in the warm treatments (ANOVA, P < 0.05). The remainder of the zooplankton community, composed primarily of Temora longicornis, Eurytemora affinis, Oithona spp., harpacticoid copepods, barnacle nauplii, and polychaete larvae, showed no significant differences between treatments (ANOVA, P > 0.05).
Both phytoplankton (as Chl a, micrograms per litre) and zooplankton are important food sources for larval winter flounder (Laurence 1977; Klein-MacPhee et al. 1993) . In addition to diatoms and dinoflagellates, winter flounder larvae feed primarily on copepod nauplii, calanoid and harpacticoid copepods, polychaete larvae, and invertebrate eggs. Total food availability (both phytoplankton (Fig. 3 ) and zooplankton (Fig. 4) ) was generally higher in the warm systems relative to the cool over most of the experimental period. Mean zooplankton abundance (number per cubic metre) increased with mean phytoplankton biomass (Chl a, micrograms per litre) in the warm and the cool systems and was positively related (ANOVA, F = 4.0, P = 0.1, near significance) to temperature (Fig. 5) . Our results indicate that food availability was not a primary factor controlling larval mortality, since mortality was higher in the warm systems (see below) where more food was present.
Hatching of winter flounder eggs in the warm systems occurred on 25 February after a 20-day incubation period at an average temperature of 4.1°C (±0.1 SE). Hatching in cool systems occurred on 7 March following a 30-day incubation period at an average temperature of 1.6°C (±0.2 SE). Egg mortality (percent) was not significantly different between treatments during the first week of the study but increased significantly (ANOVA, F = 7.62, P < 0.05) in the warm systems by 19 February and remained higher until hatching (Fig. 6) . Percent hatch for the warm treatments ranged from 64.6 to 81.8%, while the range in cool systems was 91.3-94% (Fig. 7) . Percent hatch in the cool systems was significantly greater than in the warm (t test, P < 0.05).
The size at hatching (mean standard length ± SE) in the cool systems (3.2 ± 0.01 mm) was significantly larger (t test, P < 0.05) than the size at hatching in warm mesocosms (3.0 ± 0.01 mm). The mean and range in larval standard length gradually increased over the experimental period in each mesocosm (Fig. 8) . In general, the exponential model for growth (eq. 1) gave a good fit to growth in standard length of larval winter flounder over time as indicated by low standard errors for the estimated growth rates (Table 2 ). Instantaneous growth rates in the warm systems ranged from 0.016 to 0.018·day -1 and were higher than values in the cool systems (range 0.011-0.013·day -1 ) ( Table 2) . Growth rates were compared with analysis of covariance (ANCOVA) and tested for heterogeneity of slopes (since growth rates are the slopes of regression equations) between treatments. Instantaneous daily growth rates of winter flounder larvae were significantly greater in the warm versus the cool systems (ANCOVA, F = 14.54, P = 0.0001). Although initially smaller, the larvae in the warm systems grew more rapidly and reached a larger size than larvae in the cool systems by the end of the experiment.
Following stocking, winter flounder populations in both treatments were characterized by an initial period of rapid decline followed by a period of decreasing mortality (Fig. 9 ). Recall that with the exception of the final sample, abundance in each mesocosm was estimated by sampling with a plankton net. When the tanks were drained at the end of the experiment and the entire population censused in each system, the capture efficiency for the plankton nets was 55-98%. The final abundance estimate for calculating mortality rate in each mesocosm was based on the total population count rather than the co-occurring final estimate from sampling with the plankton net. Instantaneous daily mortality rates of winter flounder larvae (eq. 2) were higher in the warm enclosures (Table 3) . ANCOVA indicated that differences in mortality rates were near significance (ANCOVA, P < 0.07) in the warm versus the cool systems.
Two potentially important benthic predators on winter flounder larvae were present in the mesocosms throughout the study (Table 4) , the sand shrimp (Crangon septemspinosa) and the mud anemone (Cerianthiopsis americana) (Holohan 1993; Thornton-Whitehouse 1994) . Although Crangon were present in the cool tanks, they were inactive and buried in the sediment. In the warm systems, Crangon were observed actively swimming in the water column throughout the experiment and appeared active in the benthos during the diver survey. Although less abundant, Cerianthiopsis were observed with their tentacles extended and considered active in all systems. Benthic organisms are not prey items for larval flounder and the abundance of benthic predators was the same prior to the start and at the end of the study. In addition to the benthic predators, chaetognaths and Sarsia tubulosa medusae, known or suspected pelagic predators on larval fish (Khulmann 1977; Northeast Utilities 1999) , were also present in some mesocosms (Table 4) . No pelagic predators were collected in plankton or pumped samples throughout the experiment but were present in the ring and overflow nets when the tanks were drained at the end of the study. The relationship between daily instantaneous larval mortality rates and the abundance of predators (benthic plus pelagic) is highly significant, with high mortality rates correlated with abundant active predators (Fig. 10) .
Discussion
Winter flounder has historically been a dominant demersal fish species collected in Narragansett Bay (Jeffries and Terceiro 1985) . Commercial catch and recreational catch have declined severely since 1979 (Gibson 1998) . In 1990, our Narragansett Bay ichthyoplankton survey indicated that winter flounder larvae were significantly less abundant in all regions of the Bay compared with an earlier survey in 1972 -1973 (Keller et al. 1999b ). Because of concerns over drastic decreases in abundance, the Rhode Island Department of Environmental Management banned fishing for winter flounder in Narragansett Bay and its adjacent salt ponds in 1991. A limited fishery was reopened in 1995, with very little improvement in catch. Although winter flounder have tended to be somewhat cyclical throughout historical assessments, each peak and trough is now lower than preceding values and troughs are extending over longer time periods (Gibson 1998) .
Although overfishing plays a role in the population decline, other factors are important in controlling recruitment of winter flounder. Annual abundance, when appropriately lagged (most flounder take 1-2 years to enter the catch), is negatively correlated with winter temperature, indicating that warmer temperatures during spawning result in fewer fish (Jeffries and Johnson 1974; Jeffries and Terceiro 1985; Northeast Utilities 1999) . Buckley et al. (1990) noted that cold winters favored good survival by facilitating production of large larvae in good condition (high RNA and protein content). Jeffries et al. (1989) presented the hypothesis that temperature controls flounder abundance through predation. Earlier mesocosm studies designed to assess the importance of eutrophication on growth and survival of winter flounder larvae instead suggested that benthic predators or competitors play an important role in mortality of winter flounder larvae (Klein-MacPhee et al. 1993) . Since winter water temperatures in Narragansett Bay have increased significantly over the past 40 years, understanding the impact of elevated temperature on winter flounder recruitment is crucial. The current experiment was designed to test the hypothesis that experimentally increasing temperature would produce a detectable change in the survival of winter flounder larvae to metamorphosis. We hypothesized that the observed decline in winter flounder abundance was a result of the interaction Table 2 . Average daily instantaneous growth rates (G) and associated statistics for winter flounder larvae in each mesocosm from eq. 1. between temperature and either food availability or predation, the primary factors affecting larval fish recruitment (Cowan and Houde 1990) . The above results indicated that temperature differences at the experimental level impacted winter flounder larval growth and survival. Our results demonstrated that warmer winter water temperature influences the food web leading to winter flounder as well as egg mortality, percent hatch, size at hatch, growth rate, and larval mortality. It is important to note when interpreting the experimental results that although water temperature was increased 3.25°C relative to controls, the actual increase relative to the Bay temperature over the same period was 0.7°C. In essence, the experiment is comparing current and future increases in winter temperatures resulting from global climate change with temperatures more typical of cooler winters in the past.
Long-term data indicate a significant increase in water temperature in Narragansett Bay during February-April over the past 40 years. Temperatures in the warm mesocosms were similar to those observed in Narragansett Bay during much of the experiment and typical of late winter temperatures generally observed in recent years. Temperatures in the cool systems were closer to those observed during recent cold winters (e.g., 1996) and more typically in the past. Both warm and cool systems demonstrated the gradual temperature increase over time that occurs from February through early April and were within the range of temperatures (-1.8 to 15°C) at which winter flounder larvae are know to occur (Williams 1975; Rogers 1976) .
In an earlier temperature experiment that did not include ichthyoplankton (Keller et al. 1999a) , we observed that the characteristic winter-spring bloom failed to occur in warm systems, similar to its failure to appear in the Bay in recent years. In the present study, when the mesocosms were filled during a period with moderate Chl a levels in the Bay (~15 µg·L -1 ), blooms developed in both warm and cool systems. These results suggest that the moderate Chl a levels present in the tanks at the time of the fill were sufficient to prevent grazers from initially controlling bloom development. Towards the end of the study, we observed an increase in phytoplankton in the cool systems similar to our earlier results (Keller et al. 1999a) . The dominant phytoplankton species present during the experiment (Thalassiosira spp., Chaetoceros spp., and S. costatum) are those typically observed during the winter-spring bloom period in the parent system, Narragansett Bay (Smayda 1973) . The phytoplankton abundance and biomass levels are typical of the levels occurring in the upper regions of Narragansett Bay where winter flounder larvae are most abundant (Durbin and Durbin 1981; Keller et al. 1999b) .
Copepod abundance increased in the warm systems compared with cool systems, again similar to results observed in our prior temperature experiment when flounder larvae were not present (Keller et al. 1999a ). The rapid increase in copepod nauplii in the warm systems reflects the temperaturemediated hatching rate of A. hudsonica resting eggs combined with an egg production rate of up to 42 eggs·female -1 · day -1 (Sullivan and McManus 1986) . The dominant copepod species present were those typically observed in Narragansett Bay in February and March and at levels comparable with those occurring in the upper Bay (Durbin and Durbin 1981) . Winter flounder larvae feed primarily on diatoms, dinoflagellates, copepod nauplii, and copepodites (calanoid and harpacticoid) (Laurence 1977; Klein-MacPhee et al. 1993) . The net result of the changes in phytoplankton and copepod abundance in the warm systems relative to the cool was that more food was available for winter flounder larvae in the warm systems. Our highest survivals during the present study occurred in the systems with the lowest food supply. There was no relationship between survival and food abundance in the current study or in our studies conducted during 1988 -1991 (Klein-MacPhee et al. 1993 . Laurence (1977) found that winter flounder larvae failed to survive beyond 2 weeks at prey densities between 10 and 100 nauplii·L -1 in laboratory studies. During the present study, copepod nauplii abundance in cool systems ranged from 2 to 27·L -1 , while in warm systems, nauplii were more abundant, 3-35·L -1 . Despite the fact that these values fall within the range associated with 100% mortality at 2 weeks in Laurence's (1977) study, we observed relatively high survival in all systems. Research in other mesocosms has also demonstrated that fish larvae grow and survive with food levels lower than laboratory estimates of required amounts (Øiestad 1985; Cowan and Houde 1990) . Although food availability was not a primary factor affecting mortality in the current study, the potential for variability in food quality between warm and cool systems does exist. Recall that Skeletonema and Chaetoceros spp. were more abundant in cool systems, while Thalassiosira spp. were more abundant in warm systems. The dominant copepod was the same species (A. hudsonica) in both treatments. The nutritional value of Skeletonema and Chaetoceros versus Thalassiosira is unknown. Although temperature had a significant impact on the food web leading to winter flounder, this does not appear to be the dominant factor influencing larval mortality during the study.
Temperature had a direct impact on the incubation period in the current study, with cooler temperature resulting in a longer incubation. Previous research on winter flounder from Narragansett Bay has also indicated that incubation time of eggs varies inversely with temperature (Rogers 1976) . Rogers (1976) noted that time to hatching was approximately 4 weeks at 3°C and 2 weeks at 8°C. Our values for the warm systems fall between these, with hatching occurring at about 3 weeks at 4.1°C. In the cool systems with average incubation temperatures of 1.6°C, the incubation period was slightly longer than the 4-week period described by Rogers (1976) at 3°C.
Winter flounder larvae hatched at a larger size in the cool mesocosms relative to the warm. Buckley et al. (1990) similarly noted that larvae were larger when incubated at 2°C compared with larvae incubated at warmer temperatures (7°C). Although smaller at hatching, the larvae in the warm mesocosms grew more rapidly. The difference in growth rates between treatments may be interpreted as a densitydependent effect, since the higher mortality in warm systems resulted in a lower abundance of fish there. Daily instantaneous growth and mortality rates were significantly and inversely related (r 2 = 0.70). The daily instantaneous growth rates observed in the warm systems (0.016-0.018·day -1 ) were not significantly different from the rates observed in an earlier unrelated study (0.019-0.022·day -1 ) at somewhat warmer temperatures (7.8°C) (Klein-MacPhee et al. 1993) , while those from the cool systems (0.011-0.013·day -1 ) were significantly lower.
Capture efficiency was unrelated to treatment and within the range expected for larval winter flounder (Pearcy 1962) and observed in prior mesocosm studies (G. Klein-MacPhee, unpublished data). Mortality rates in cool systems (0.037-0.041·day -1 ) fell within the range of values previously observed in mesocosms operated without a benthos (0.002-0.045·day -1 ) (Klein-MacPhee et al. 1993) . These values approximate rates more common for laboratory studies where there is no predation. The higher and more variable rates observed in the warm systems (0.058-0.093·day -1 ) tended to be somewhat lower than rates previously observed in our experiments with a benthos present (0.100-0.193·day -1 ). Even in warm systems, the abundance of predators was relatively low during the temperature experiment. The maximum density of Crangon in the experiment was~5·m -2 and well below the maximum winter density observed by ThorntonWhitehouse (1994) in Narragansett Bay (80·m -2 ). Ceriantheopsis density was also low in the mesocosms relative to densities observed in the field (Holohan 1993) . The variability in mortality rates was linearly correlated with the abundance of predators. A linear relationship between mortality rate and abundance of predators was unexpected and may be a result of the low numbers of predators present.
The cumulative impact of warmer temperatures on the early life history of winter flounder from hatching through the late larval stage resulted in 10-16% fewer larvae surviving to metamorphosis (~6 weeks). These results together with the potential for increased egg predation and postsettlement predation, most notably by Crangon (van der Veer and Bergman 1987; Whitting 1993) , as a result of elevated winter water temperature suggest that temperature and its impact on predation rate may play a major role in regulating winter flounder abundance. Now that we know that this temperature-mediated predation effect exists, regional managers should attempt to incorporate the potential impact of warm winters in their management plans. One such approach would be to reduce fishing pressure following periods of successive warm winters. Currently, chronic overexploitaion is associated with a long-term decline in winter flounder stock abundance despite periodic production of good year-classes (Gibson 1998) , suggesting that even with the higher recruitment associated with cooler winters, overfishing is a problem in Narragansett Bay.
